Abstract. We present a detailed study of layered semiconductor InSe doped with Mn. Xray and neutron diffraction analyses of (In,Mn)Se single crystals show the presence of a main phase as solid solution, the second antiferromagnetic MnSe phase, and traces of In Se Mn In 1 x x − 4 Se 3 . Magnetic measurements reveal ferromagnetic behavior of (In,Mn)Se with the Curie temperature about 800 K. The ferromagnetic cluster model and exchange interaction via 2D electron gas, as the reasons of spontaneous magnetization, are discussed. The dramatic transformation of (In,Mn)Se electron spin resonance (ESR) spectra as a function of temperature is revealed. At the magnetic field perpendicular to crystallographic c axis, a low-field line within the temperature range 70 down to 4.7 K is observed. It shifts to smaller magnetic fields with temperature decrease. Neutron diffraction studies reveal the strong rise for one of the reflection peaks with temperature decrease in the same temperature region where ESR spectra transformation occurs. This peak corresponds to double MnSe interplanar distance in the [111] direction what is a period of its magnetic lattice. Magnetic structure of (In,Mn)Se single crystal is discussed.
Introduction
Nowadays, diluted magnetic semiconductors (DMSs) attract much attention. Dietl and Ohno [1] predicted the Curie point higher than the room temperature for ZnO and GaN doped with manganese at a high hole concentration. After this publication, the interest to the problem of the ferromagnetic (FM) ordering in semiconductors at temperatures higher 300 K and to application of DMS in spintronic devices has largely grown.
Unfortunately, the achievement of a high Curie temperature in spintronic semiconducting materials appeared to be a very difficult task. DMSs have the following lacks as: (1) low solubility of TMs in semiconductor hosts for formation of FM ordering; (2) a tendency of TMs to form other FM phases as inclusions, which simulates the FM state of DMSs (phantom of ferromagnetism) [2] ; (3) an inhomogeneous distribution of magnetic ions in the host, leading in some cases to spatial localization of current carriers and to a hopping mechanism of conduction; (4) low mobility (≤10 cm 2 V -1 s -1
) of current carriers as caused by scattering on magnetic impurities and holes.
Layered crystals, belonging to the group of III-VI compounds and characterized by high anisotropy of chemical bonds (strong ionic-covalent bond within the plane of crystal layers and weak Van der Waals one between the layers) attract a particular attention. InSe is the only crystal in this group, in which sufficiently high electron or hole concentrations can be achieved. Bond anisotropy induces two-dimensional (2D) electron conductance at temperatures below the critical one. Current carriers with the average Hall concentration of about in the crystal are accumulated in 2D regions of ionic-covalent layers near the Van der Waals gap, thus leading to the surface concentration of electrons about , which provides an opportunity for the Shubnikov-de Haas effect to be observed [3] . In addition, realization of magnetic interactions depends on the ability of layered crystals to redistribute impurities in their bulk, when they are accumulated in the Van der Waals gap, forming 2D aggregates or lattices [4] . Layered III-VI DMSs studied up to date by various authors revealed unusual magnetic properties. In (x = 0.012), a broad magnetization peak between 120 and 195 K with an apex at 160 K and a sharp change of magnetization at 119 K were observed; the peak being broadened and shifted to lower temperatures with a magnetic field increase [5] . This phenomenon was associated with a short-range antiferromagnetic ordering. It was established that (x = 0.011, x = 0.066) obeys the CurieWeiss law within the interval 50 to 235 K. But, at T = 10.9 K, a sharp maximum of magnetization was observed, which the authors considered as a spin glass state and suggested the presence of Mn-S-Mn pairs in the crystal [6] . Pekarek et al. [7] revealed that magnetic behavior of (x = 0.05) is consistent with Van Vleck paramagnetism over the temperature range 5-400 K. Investigation of (x = 0.02) displayed the behavior of the Curie-Weiss type and spin glass state below 10 K [8, 9] . The temperature hysteresis of magnetization in the interval 90-290 K was observed for crystals (x = 0.01, x = 0.10) [10]. Below and above the hysteresis region, the paramagnetic signal obeyed the Curie-Weiss law with a negative Curie-Weiss temperature J
eff / k B = −240 K that indicated antiferromagnetic interaction between Mn ions. Two magnetic subsystems were detected in unannealed (x = 0.0125) sample [11, 12] . The authors supposed that Mn ions are located both in the ioniccovalent layers and in interlayer Van der Waals space simultaneously and redistribute to the latter during sample annealing. The hysteresis loops with a weak coercive field at T < 50 K were observed. Thus, the considered experimental data demonstrate a large divergence in behavior of III-VI diluted magnetic layered crystals and difficulties in the revealing their general regularities. Besides, Pekarek et al. [13] reported that samples were cut from an ingot grown by Bridgman method supposing that composition of the samples have the same nominal Mn concentration as was put into the charge. Nevertheless, Slyn'ko et al. [11, 12] noticed non-uniform distribution of Mn in the ingot. Instead of initial composition in the melt about 1 at.% they registered 0.15 at.% at the beginning of the ingot, while near its end Mn concentration was as high as 3.6 at.%. Therefore, Mn concentration in the charge does not correspond to the real Mn content in samples cut out of different parts of this ingot.
It is necessary to underline that the information about phase and real element composition of III-VI DMSs is absent in the cited papers [5] [6] [7] [8] [9] [10] [11] [12] [13] . Nevertheless, this knowledge is of great importance for regular discussion of the results.
The further investigations of (In,Mn)Se crystals [14] explained some of their previously unclear properties such as nature of the magnetic susceptibility peaks at ~163 and 266 K. The ferromagnetic ordering with the Curie temperature T C > 350 K was revealed [15] . There appeared strong motivation to continue the study of this magnetic semiconductor. Therefore, Mndoped InSe is an interesting unusual DMS.
In this paper, the magnetization, electron spin resonance, and neutron diffraction spectra of (In,Mn)Se crystals in a wide range of temperatures and magnetic fields were investigated. The phase and element composition of samples were thoroughly studied.
Experimental details
InSe single crystals doped with manganese were grown using the Bridgman method. The solubility limit of Mn in III-VI crystals is unknown till now. The coefficient of impurity distribution is also unknown but seems extremely low because impurity is intensively pushed out from the solid phase to liquid one [11] . Therefore, the definite content of Mn in charge C is not uniformly distributed along the single crystal: at the beginning of the ingot the content of Mn C b <<C, while at the end of the ingot one observes C e >>C. Thus it is necessary to define real content of Mn in each studied sample.
The Mn content in the specimens determined by the X-ray fluorescent analysis was equal 5 at.% and 0.4 at.% (mentioned hereinafter, respectively, as type I and type II). Samples were annealed at the temperature of 590 K for 70 hours (type I) and for 140 hours (type II). X-ray diffraction (XRD) technique showed that the hexagonal phase of InSe (P63/mmc) with the lattice periods a = 4.0026 Å and c = 16.634 Å was the main phase (>90 vol.% of the crystal). In addition, the specimens contained inclusions (<10 vol.%) of a second (cubic at room temperature) MnSe phase (Fm3m, a = 5.456 Å). This estimation of composition was carried out by comparison the intensities of X-ray reflections and is a rough one.
In the low temperature interval 2.4-300 K magnetic properties of the material were studied using SQUID magnetometer, Quantum Design MPMS-5. High temperature dc magnetization measurements over the temperature range 300-850 K were performed by the vibrating sample magnetometer (VSM) Oxford Instruments Ltd. The sample was fixed onto ceramic holder by the Autostic high performance ceramic industrial cement FC8.
The electron spin resonance (ESR) spectra were researched in the interval 4.4-300 K using the EMX Bruker ER083CS spectrometer operating at a fixed frequency of 9.38 GHz in the X-band.
Neutron diffraction (ND) experiments were performed with the diffractometer DN-2 in the Frank Neutron Physics Laboratory of Joint Institute for Nuclear Researches, Dubna, using neutron beam of the IBR-2 pulsed reactor. DN-2 is the time-of-flight neutron spectrometer utilizing the 2D position-sensitive detector for data acquisition. The diffraction patterns were measured at several scattering angles and sample orientations for revealing peculiarities in the wavelength dependence of diffraction intensities and texture effects.
Results and discussion

Magnetic moment
The temperature dependence of the magnetic moment (MM) of (In,Mn)Se of type I sample within the range 2.4-850 K is shown in Fig. 1 . The good correspondence of experimental data for two methods (SQUID and VSM) was observed up to 550 K. The sample heated up to 850 K and then cooled down does not display the same properties as before the high temperature experiment. The measurements were carried out in magnetic field 6 kOe. In the case of SQUID researches, the sample was preliminary cooled in zero magnetic field to the minimal temperature (zero-field-cooled regime). Three peaks were registered at temperatures 150, 275, and 670 K. Below 77 K, the MS grows up to the minimal temperature of measurements (2.4 K). The magnetization dependences on the magnetic field M(H) were studied by VSM at several temperatures within 306-450 K. Some of the magnetic hysteresis 1oops are depicted in Fig. 2 . The inset (a) shows the magnified middle part of the loops.
ESR spectra
Studies of ESR spectra revealed their transformation in samples of type II at temperature decrease from 270 down to 4.7 K (Fig. 3) . Within the temperature range 70-21 K, the low-field line appeared simultaneously with the decay of the main line that corresponds to Mn 2+ ions with a g-factor value ≈2. The low-field line increases its amplitude and shifts towards smaller magnetic fields with lowering the temperature. ESR anisotropy at 300 K is absent in (In,Mn)Se crystals. The line shape at magnetic field H parallel to c axis (normal to layer plane) and H perpendicular to c axis (in layer plane) are the same. Nevertheless, at lower temperatures the anisotropic low-field ESR line appeared (Fig. 4) . At T = 50 K the resonant field decreases, and the line intensity increases at magnetic field rotation between directions from H||c to H⊥c.
For a comparison, we studied the ESR spectra of Mn-free InSe. The ESR signal was not observed within 100-300 K. At 1ower temperatures, the strong absorption of the unknown nature was registered.
Neutron diffraction researches
From ND patterns, the additional data about phase state (structural and magnetic) of (In,Mn)Se were obtained. For (In,Mn)Se sample of type I, the deterioration of crystal lattice prevents sliding of crystal layers and observation of ND. Opposite to it, for the type II sample by ND studies it was found that beside the main hexagonal phase there are diffraction peaks belonging to the MnSe phase and to the small amount of In 4 Se 3 phase.
To study the effects of magnetic ordering, experiments at various temperatures were carried out. The peak corresponding to d = 6.275 Å was observed, which does not belong to the InSe structure. Its intensity I is nearly doubled, if temperature decreases from 50 down to 10 K, while the increase in intensities of the neighboring peaks d 004 = 4.157 Å and d 002 = 8.313 Å is much less.
The analysis shows that this diffraction peak d = 6.275 Å is unresolved superposition of these two components: at d = 6.154 Å and d = 6.303 Å. The first (weakly dependent on temperature) belongs to the In 4 Se 3 phase. The intensity of the second component strongly depends on temperature (Table I ) and can be attributed to the MnSe magnetic diffraction peak 
Discussion of the results
Doping the layered InSe crystal with manganese forms a complicated magnetic structure. During crystal growth, manganese distributes inside the layers and in the interlayer spaces. One can suppose that a prolonged annealing should result, on the one hand, in a more uniform doping of the ionic-covalent Se-In-In-Se layers owing to the statistical substitution of In sites by Mn. On the other hand, Mn shifts to the interlayer space and concentrates near defects of the crystal structure as well.
According to the results of XRD studies [14] , ). In this case, the hypothesis of Slyn'ko et al. [11, 12] that the ferromagnetic order exists only in restricted regions of the crystal or in clusters, remains the most natural one. The low solubility of TM in InSe and the formation of structural defects are the additional origin of the nonuniform distribution of manganese in this crystal. These obstacles can favor formation of magnetically ordered clusters owing to the superexchange between Mn ions via anions (Se) [17] . The exchange interaction in such clusters can occur in Mn-Se-Mn pairs and, probably, in Mn-In-SeMn ones [5] . Ferromagnetism was confirmed by the existence of hysteresis loops of the magnetic moment at least up to 450 K. The magnitudes of coercivity and magnetization of saturation have the same order as in the case of SQUID measurements for appropriate temperatures [15] . The Curie temperature T C of ferromagnetically ordered clusters is approximately 800 K (Fig. 1) .
We can also suppose that the ferromagnetic state arises owing to the exchange interaction between Mn ions via the 2D electron gas located at the interface between the Se-In-In-Se layer and the Van der Waals gap (2D ferromagnetism). Nevertheless, the theoretical considerations of this mechanism were carried out only for quantum wells at very low temperatures [18] .
An estimation of magnetic moment per Mn ion gives the extremely low magnitude 5×10 ) ions, which is characterized by Van Vleck behavior due to even number of d-electrons [17] . Such ions can be responsible for the temperature-independent magnetic moment.
In previous studies [14, 15] , we investigated the temperature dependence of the magnetic susceptibility for InSe sample containing 5 at.% Mn in the interval 2.4-300 K in the zero-field-cooled regime. Pronounced peaks at 163 and 266 K were attributed to antiferromagnetic transformations of the MnSe second phase (T N1 = 130 K, T N2 = 266 K) [19] . It should be noted that magnetic properties of MnSe in the bulk form are not clear. The situation is even more complex in nanostructured MnSe where the lattice distortions and surface/interfacial layers are expected to favor the uncompensated anitiferromagnetic structure with a net magnetic moment. Thus, the ferromagnetic-like behavior and coercivity observed in (In,Mn)Se sample can also originate from the boundary regions of the layered MnSe inclusions segregated during annealing of crystal.
The nature of the third peak of MM at 670 K ( Fig. 1) can be due to the transformation of the material that occurs at temperatures above the annealing temperature of the sample. This transformation can be related with transition of unstable β-MnSe to α-MnSe phase that is known to take place at 625 K [20] and also with the further segregation of Mn.
The exchange interaction between manganese ions in the crystal and the nonequivalence of their local symmetry result in the absence of the usual group of six lines of hyperfine splitting (characteristic to diluted Mn 2+ ions) in the ESR spectrum of InSe. These lines broaden due to dipole-dipole interaction that leads to the disappearance of hyperfine structure. Simultaneously, the line with g ≈ 2 can include the line of ferromagnetic resonance in the ordered main phase . The low-field ESR line (Fig. 3) appears in the temperature range where magnetic moment of MnSe phase rises at temperature lowering below 70 K along with attenuation of the mentioned strong line (g ≈ 2). It testifies to magnetic interaction of FM clusters with MnSe layers. We suppose that low resonance field is due to internal magnetic field of FM ordered MnSe phase at T < 70 K. This field mediated by unusual FM state of MnSe phase in its plane adds to the external field of ESR spectrometer increasing the total magnetic field in which low-field resonance is observed. The ferromagnetic state of MnSe layers at T < 70 K was proved by revealing the magnetic sublattice of MnSe at these temperatures.
The sharp increase of MM (In,Mn)Se and MnSe as a function of temperature below 70 K (Fig. 1) , which does not disappear in strong magnetic field (H = 6 kOe) can be attributed to phase transformation with significant decrease of the magnetic lattice period for MnSe plane inclusions. This conclusion is confirmed by the temperature dependence of the magnetic cell parameter Fig. 1 . Therefore, in the low temperature region the magnetic transformation of ferromagnetic type in MnSe plane inclusions occurs. As in the case of MnTe crystals, the magnetic cell of MnSe could be viewed as Mn moments aligned ferromagnetically in the basal planes and these planes stack antiferromagnetically along the c axis which is in agreement with those reported by Efrem et al. [21] . Owing to the magnetic structure of MnSe, the magnetic interactions seem to be strongly associated with the structural parameters and any change in the latter would affect the overall magnetic interactions. Below 70 K, the magnetic lattice parameter decreases sharply with diminishing temperature due to a decrease of c and a values. The Mn-Mn shortest interatomic distance in the basal plane is equal to a. Therefore, the decrease in a would strengthen the ferromagnetic interactions between the Mn ions in the basal plane. As a sharp increase in the susceptibility is observed both for Mn(As, Te, S, Sb, Se) [21] , on the one hand, and for MnSe phase in a InSe matrix, on the other hand, it is possible to assume that it is their general property.
Inclusions of the MnSe phase in the layered structure of the (In,Mn)Se matrix are rather regular: the [111] direction of the inclusions coincides with the matrix c axis [001] . The thickness of each layer is larger than the size of the coherence region for X-ray radiation. The latter is equal about ten of MnSe lattice periods. This permitted us to observe the MnSe phase in X-ray and neutron diffraction spectra. Estimations of MnSe content in (In,Mn)Se made by a comparison of (In,Mn)Se and MnSe [19] magnetic moment shows that the content of MnSe phase is much smaller (about 0.15 wt.%) than it issues from XRD analysis of (In,Mn)Se [14] . Therefore, MnSe layer inclusions are thin ones and can give its contribution to uncompensated antiferromagnetism due to an odd number of magnetically ordered planes of MnSe. Thus, the (In,Mn)Se single crystal can be considered as a selfassembled artificial layered structure composed of alternating ferromagnetic In 1-x Mn x Se and antiferromagnetic MnSe layers. The similar case of alternation for intercalated and nonintercalated layers was previously observed in InSe crystals [22] . It must result in periodical change of the manganese content in the sample cross direction. This conclusion was confirmed by SIMS investigations of Mn depth distribution [15] . In the case of (In,Mn)Se of type II sample, we have observed well pronounced oscillations of Mn content. The periods of oscillations are within the range 40 to 85 nm [15] .
Hence, the magnetic structure of the crystal is diverse, being controlled by superposition of various magnetic states, namely: ferromagnetic clusters with Curie temperature ~800 K, antiferromagnetic MnSe thin planar inclusions revealing weak FM properties below 70 K, uncompensated antiferromagnetism of the MnSe layers, antiferromagnetically coupled Mn 2+ pairs, and perhaps Van Vleck ions.
Conclusions
The magnetic structure of layered InSe semiconductor single crystals doped with manganese has been studied. It consists of the solid solution In 1-x Mn x Se, ferromagnetically ordered clusters with T C ≈ 800 K, and the plane inclusions of the antiferromagnetic MnSe phase. The nonmonotonic temperature dependence of magnetic moment for (In,Mn)Se is caused by contribution of the MnSe phase. The existence of MnSe neutron reflections indicates that the thickness of its inclusions is larger than ten MnSe lattice periods. A decrease in the magnetic sublattice period of MnSe inclusions as a function of temperature below 70 K was established. This results in strengthening the ferromagnetic interactions between the Mn ions in the basal plane, which causes a sharp rise of the magnetic moment. The unusual temperature behavior of ESR spectra due to magnetic transformation of MnSe phase was observed.
